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The EVA (Early Vascular Aging) Study:
Association of Central Obesity With Worse
Arterial Health After Preeclampsia
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BACKGROUND: Women with preeclampsia have a higher risk of cardiovascular disease. This is partly explained by the worse
arterial health after preeclampsia. Central obesity (CO) is a risk factor for both preeclampsia and cardiovascular disease.
Whether CO contributes to further worsening of arterial health after preeclampsia remains unclear. Our objective was to evalu-

ate the effect of CO and previous preeclampsia on arterial hemnodynamics.

METHODS AND RESULTS: We studied 40 women with previous preeclampsia (<6years) and 40 age-matched controls with
previous normotensive pregnancy in the same timeframe. We estimated arterial hemodynamics with validated techniques
combining applanation tonometry and echocardiography. CO was defined as a waist-to-hip ratio >0.85. Differences in arte-
rial hemodynamics across the 3 groups (preeclampsia with CO, preeclampsia without CO, and controls) were assessed with
multivariable linear regression models adjusted for potential confounders. Twenty-six (65%) of the participants with preec-
lampsia had CO compared with 18 (45%) controls. Mean waist-to-hip ratio in patients with preeclampsia with CO, those with
preeclampsia and no CO, and controls was 0.94+0.05, 0.80+0.04, and 0.83+0.07, respectively. In multivariable analyses,
women with preeclampsia and CO had higher central blood pressure, arterial stiffness (carotid-femoral pulse wave velocity),
steady arterial load (systemic vascular resistance), and wave reflections (reflected pressure wave amplitude, augmentation
index) compared with controls (P<0.05 for each). Fewer hemodynamic domains were altered in the preeclampsia with no CO
group, with higher central diastolic blood pressure, systemic vascular resistance, and wave reflections than controls (P<0.05).

CONCLUSIONS: Women with previous preeclampsia who also experience CO have the greatest alterations in arterial health and
hemodynamics. Patients with preeclampsia with CO may represent a higher-risk subgroup who could be targeted for risk
stratification and primary prevention of cardiovascular disease.

Key Words: arterial hemodynamics B arterial stiffness B central obesity B preeclampsia

ardiovascular disease (CVD) risk factors differ

significantly between men and women. Although

cardiometabolic disorders are more prevalent
among men, their effect on cardiovascular prognosis
appears worse in women.! Moreover, women are af-
fected by conditions that impact their cardiovascular
risk and are specific to their sex. For instance, hyper-
tensive disorders of pregnancy, including gestational
hypertension, preeclampsia, and eclampsia, increase
their lifetime risk of developing hypertension and heart

failure 4-fold and more than double their risk of cor-
onary heart disease and cardiovascular mortality.?
Preeclampsia is prevalent and affects ~5% to 10% of
pregnancies.® Despite the increased overall risk, most
women with history of preeclampsia do not develop
CVD,* and therefore systematically implementing life-
long risk stratification and preventative strategies for
all women who develop preeclampsia each year is
not feasible at the health care system level. As such,
there is a critical need to better understand and target
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CLINICAL PERSPECTIVE

What Is New?

e The EVA (Early Vascular Aging) study is the first
to describe the contribution of central obesity
in adversely affecting arterial health and cen-
tral hemodynamics in women with previous
preeclampsia.

e Because aortic stiffness and other parameters
of arterial hemodynamics have been indepen-
dently associated with adverse cardiovascular
prognosis, our results suggest that women af-
fected by both a history of preeclampsia and
central obesity may be more likely to face a
higher risk of future cardiovascular events.

What Are the Clinical Implications?

e Women with a history of preeclampsia who are
affected by central obesity display significant
abnormalities in arterial health and may rep-
resent a higher cardiovascular risk subgroup
deserving of enhanced risk stratification and
preventative strategies.

e Deteriorations in arterial health and aging can be
prevented or decelerated by lifestyle interven-
tions with nutritional and exercise components.

e Such strategies could be considered for evalu-
ation and implementation of primary cardiovas-
cular prevention programs targeting women with
central obesity and a history of preeclampsia.

Nonstandard Abbreviations and Acronyms

Alx augmentation index

cfPWV carotid-femoral pulse wave velocity
co central obesity

CTL-CO controls with central obesity

CTL-noCO controls without central obesity
GRC global reflection coefficient

PAC proximal aortic compliance

P, reflected pressure wave amplitude
PE-CO preeclampsia with central obesity
PE-noCO preeclampsia without central obesity
P; forward pressure wave amplitude
TAC total arterial compliance

WHR waist-to-hip ratio

cardiovascular risk in this population, helping us iden-
tify the individuals who are most likely to benefit from
cardiovascular risk assessment and preventative
strategies.

Traditional cardiovascular risk factors also increase
the risk of developing preeclampsia. Major risk factors
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include obesity (relative risk, 2.8; as compared with
women who have normal body mass index), chronic
hypertension (relative risk, 5.1), and diabetes (relative
risk, 3.7).% Yet, an analysis of the Nurses’ Health Study
Il revealed that the prevalence of traditional and car-
diometabolic risk factors accounts for only 57% of the
relationship between preeclampsia and CVD,* sug-
gesting that preeclampsia may affect other aspects of
cardiovascular health not directly inferred by the pres-
ence of conventional risk factors. In this context, pre-
eclampsia has been linked to abnormal arterial health
and early vascular aging.® Early vascular aging is com-
monly defined as arterial stiffness (often quantified by
the carotid-femoral pulse wave velocity, cfPWV) higher
than age-specific normal values established in the
general population.” In a study by Bruno et al, an esti-
mated vascular age of >5.7 years higher than chrono-
logical age was associated with at least twice the risk
of cardiovascular events at 6-year follow-up.® As such,
parameters of arterial health and aging represent sig-
nificant and independent risk factors for CVD.%'° Using
arterial hemodynamics as early subclinical tools to
evaluate cardiovascular health and risk, we designed
the EVA (Early Vascular Aging) study to identify sub-
groups of women with previous preeclampsia who
display the greatest abnormalities in arterial hemody-
namics and who would therefore most likely benefit
from risk stratification and management strategies.®

Obesity is a common risk factor for both preeclamp-
sia and CVD.3" Obesity, more specifically central obe-
sity (CQO), which reflects visceral adiposity, contributes
to the development of CVD via increased insulin re-
sistance, oxidative stress, endothelial dysfunction, and
production of inflammatory cytokines." Similar to pre-
eclampsia, CO has also been associated with altered
arterial health and worse arterial stiffness.”? However,
it is unclear whether the combination of preeclamp-
sia and CO further affects arterial hemodynamics and
accelerates arterial aging. Thus, we hypothesized
that women affected both by CO and a previous pre-
eclamptic pregnancy would present with worse arterial
health in the EVA study.

METHODS

The EVA study was a cross-sectional study that in-
cluded 40 women with previous preeclampsia, as
defined by the American College of Obstetricians and
Gynecologists,’® and 40 age-matched controls with
previous normotensive pregnancy(ies). Participants
were 18years and older and were 6 months to 6years
postpartum. This time frame was selected specifically
to avoid studying participants too early and therefore
still have hemodynamic influences from pregnancy,
while at the same time avoiding studying them so late
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postpartum that overt CVD would already have devel-
oped (the average time frame between preeclampsia
and first cardiovascular event among affected individu-
als is 10years)."* Participants were identified and re-
cruited between 2017 and 2021, via a keyword search
in the electronic medical records from The Ottawa
Hospital Labor and Delivery of preeclamptic or normo-
tensive pregnancies in the past 5years. Participants
could also be referred by their treating physician to the
research study. Exclusion criteria were previous surgi-
cal aortic repair or aortic valve replacement, more than
mild aortic stenosis, more than moderate aortic regur-
gitation, or permanent atrial fibrillation/flutter. During
the study visit, participants completed a standardized
questionnaire regarding their self-identified race or eth-
nicity (optional) and past medical, gynecological, and
obstetrical histories and medication use. The study
visit also included anthropometric measurements and
a blood sample for measurement of fasting lipids, gly-
cated hemoglobin, and creatinine. CO was defined as
a waist-to-hip ratio (WHR) >0.85 according to World
Health Organization criteria for women.'® Hypertension
was defined as a clinical diagnosis established by a phy-
sician or use of antinypertensive medication. Diabetes
was defined as a clinical diagnosis established by a
physician or use of insulin or hypoglycemic medica-
tion. Smoking history was defined as having smoked
at least 100 cigarettes in their lifetime. This project was
approved by the University of Ottawa Heart Institute’s
research ethics board. All participants provided written
and informed consent.

Noninvasive Assessment of Arterial
Hemodynamics

Arterial hemodynamics were evaluated with previously
validated methods that combine arterial waves from
peripheral arterial tonometry and volume/flow quan-
tification echocardiography (NIHem, Cardiovascular
Engineering) to comprehensively estimate five domains
of arterial hemodynamics: (1) arterial stiffness deter-
mined by the cfPWV; (2) central systolic, diastolic, and
pulse pressures; (3) pulsatile arterial load: forward pres-
sure wave amplitude (P;; forward portion of the arterial
wave generated by the interaction of systolic ejection
pressure and the proximal aorta), aortic characteristic
impedance (opposition of the aorta to pulsatile flow in
early systole), proximal aortic compliance (PAC), total
arterial compliance (TAC; compliance of the whole ar-
terial system); (4) steady arterial load determined by
the systemic vascular resistance (SVR); (5) peripheral
wave reflections: reflected pressure wave amplitude
(P,; portion of the arterial wave that is reflected back
to the proximal aorta at sites of impedance mismatch),
augmentation index (Alx; ratio of augmented pressure
to central pulse pressure), global reflection coefficient
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(GRC; ratio of P, divided by P,)."®" Further details of
the arterial hemodynamic assessment have been pre-
viously described by our group and are presented in
Data $1.6:18-20

Statistical Analysis

Participants were categorized into 3 groups based
on history of previous preeclampsia and on WHR: (1)
previous preeclampsia with CO (PE-CO); (2) previous
preeclampsia without CO (PE-noCO); and (3) controls.
We performed descriptive analysis of all 3 groups.
Continuous data are presented as mean+SD if normally
distributed, or as median and range if nonnormally dis-
tributed. Groups were compared using 1-way ANOVA or
Mann-Whitney Wilcoxon test according to the normality
of distribution for continuous variables. Categorical vari-
ables were compared between groups with x? or Fisher
exact test, as appropriate. Pairwise hemodynamic com-
parisons between the 3 groups were performed using
a t, Wilcoxon, x?, or Fisher exact test, accordingly. The
association of CO and preeclampsia with parameters of
arterial hemodynamics was evaluated with multivariable
regression models, adjusting for covariables previously
described as associated with arterial hemodynamics:
age, hypertension, diabetes, serum creatinine, tobacco
smoking, gravidity, time since last pregnancy, and heart
rate.'®21-2% The covariables were sequentially added to
the models to determine which model represented the
highest proportion of variance in prediction of cfPWV
(the gold-standard measure of aortic stiffness and arte-
rial aging) according to the adjusted R? value and to the
Akaike information criterion. The model with the high-
est adjusted R? and lowest Akaike information criterion
was used to assess the other arterial hemodynamic
parameters. In sensitivity analyses to confirm our vari-
able selection, we also performed combined stepwise
linear regression models with criteria of P<0.25 to enter
and P<0.10 to stay in the model (variables considered
included age, hypertension, diabetes, history of smok-
ing, serum creatinine, heart rate, gravidity, time since
last pregnancy, and the PE-CO groups). Data were
considered to be missing at random, and participants
with missing hemodynamic data were excluded from
analyses that evaluated the hemodynamic measure
that was missing. Last, in sensitivity analyses to fur-
ther evaluate the combined effect of PE-CO on arterial
health, we repeated the multivariable regression mod-
els separating controls with CO (CTL-CO) and controls
without CO (CTL-noCQ). Results of the multivariable lin-
ear regression models are presented as adjusted mean
differences and their 95% CI. A 2-sided P value <0.05
was considered statistically significant. Software JMP
version 16 (SAS Institute Inc) was used. The data that
support the findings of this study are available from the
corresponding author upon reasonable request.
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RESULTS

Description of Participants

Among participants with previous preeclampsia, 26
(65%) had a WHR >0.85 and were included in the
PE-CO group. In the control group, 18 (45%) women
met criteria for CO (Figure 1). Characteristics of the
participants are presented in Table 1. Mean age
and median gravidity were similar among all 3 study
groups. The time since last pregnancy was approxi-
mately 6 months longer in the preeclampsia groups
compared with the controls (1.8years [0.5-4.4years]
versus 2.5years [0.8-5.7 years], respectively; P=0.03).
Six (23%) and 3 (21%) participants, respectively, in
the PE-CO and PE-noCO groups had recurrent pre-
eclampsia before their index pregnancy (P=0.91).
Three participants (12%) had a diagnosis of diabetes,
4 (15%) had a diagnosis of gestational diabetes, and 7
(27%) had a diagnosis of hypertension in the PE-CO
group. Glycated hemoglobin was significantly higher in
the PE-CO group compared with the other 2 groups
(P=0.007). Serum triglyceride, low-density lipoprotein
cholesterol, and non-high-density lipoprotein choles-
terol levels were higher and high-density lipoprotein
cholesterol levels were lower in the PE-CO group com-
pared with controls (P<0.05 for each).

Measures of Arterial Hemodynamics
Measures of arterial hemodynamics per study group
are presented in Table 2. cfPWV and PAC were miss-
ing in 1 participant (control), and SVR, aortic charac-
teristic impedance, PAC, TAC, P, and P, were missing
in 1 participant (PE-noCO) due to technical issues.
Participants in the PE-CO group exhibited higher bra-
chial and central blood pressures (BPs), aortic stiffness
(cfPWV), steady arterial load (SVR), pulsatile arterial
load (higher P; and lower PAC and TAC), and wave re-
flections (Alx) as compared with controls. Conversely,
hemodynamic alterations were less prominent in the
participants with PE-noCO, who only exhibited higher
steady arterial load (SVR) and wave reflections (Alx
and GRC) than controls. Compared with women with
PE-noCO, women with PE-CO had higher central sys-
tolic BP, pulsatile arterial load (lower PAC and TAC and
higher P), and more wave reflections (higher GRC).

Obesity and Arterial Health After Preeclampsia

Multivariable linear regression models assessing
the association of PE-CO with cfPWV adjusting for
different combinations of covariables are presented
in Table 3. The adjusted mean differences in cfPWV
among the 5 models were consistent, with the high-
est adjusted R? value and lowest Akaike information
criterion observed in models that included age, hyper-
tension, diabetes, smoking history, serum creatinine,
and heart rate (model 5). In the stepwise model, the
following variables met criteria to be included in the
final model: age, hypertension, diabetes, history of
smoking, serum creatinine, heart rate, and the PE-CO
groups. However, this model had lower R? values
(0.356) and higher Akaike information criterion (194.93)
than model 5. Thus, linear regression models for the
remaining hemodynamic parameters were performed
adjusting for the same set of variables as in model 5.
Results are presented in Table 4 and in Figures 1 and
2. After adjustment for potential confounders, women
in the PE-CO group had higher central systolic, dia-
stolic, and pulse pressure, as well as higher cfPWV,
SVR, P,, and Alx (P<0.05 for each). Mirroring the find-
ings from unadjusted analyses, women with PE-noCO
had higher brachial and central diastolic BP, SVR, Alx,
and GRC than controls (P<0.05 for each). Significant
differences between the preeclampsia groups in-
cluded higher central systolic BP and central pulse
pressure and lower GRC for PE-CO compared with
PE-noCO (P<0.05 for each). No statistically significant
differences were found among groups regarding aortic
characteristic impedance, PAC, TAC, and P; after ad-
justment for confounders.

In sensitivity analyses, when separating controls with
(n=22) and without (n=18) CO, women in the PE-CO
group had higher central systolic and diastolic pres-
sure, as well as higher cfPWV and Alx when compared
with both CLT-CO and CTL-noCO women (P<0.05 for
each; Table S1). SVR and PAC were also higher in the
PE-CO group compared with the CTL-noCO group.
Women with PE-noCO had higher Alx and GRC than
CTL-CO women and higher central diastolic pressure,
Alx, and GRC than CTL-noCO (P<0.05 for each).

To enhance interpretation and clinical translatability
of our results, we compared the differences in cfPWV
between women with PE-CO and controls against pub-
lished normative values for cfPWV in people in their 30s,

Figure 1. Summary of the study protocol and main result findings.

Twenty-six women with previous PE-CO were compared with 14 women with previous PE-noCO, 18 women with previous normotensive
pregnancies and central obesity, and 22 women with previous normotensive pregnancies and no central obesity. Extensive evaluation of
arterial health parameters was performed in all participants with the combination of echocardiography and applanation tonometry. The
4 study groups were compared with multivariable linear regression models adjusting for age, time since last pregnancy, hypertension,
creatinine, smoking history, and heart rate. Significant differences between groups (P<0.05) are shown in the figure. Alx indicates
augmentation index; BP, blood pressure; cfPWYV, carotid-femoral pulse wave velocity; GRC, global reflection coefficient; PAC, proximal
aortic compliance; P,, reflected pressure wave amplitude; PE-CO, preeclampsia with central obesity; PE-noCO, preeclampsia without
central obesity; P, forward wave amplitude; PP, pulse pressure; TAC, total arterial compliance; SVR, systemic vascular resistance; and
Z,, aortic characteristic impedance.

J Am Heart Assoc. 2023;12:e031136. DOI: 10.1161/JAHA.123.031136 4



Paquin et al

Obesity and Arterial Health After Preeclampsia

/

Preeclampsia (PE)

80 females
6 months — 6 years postpartum

n=40
H‘ e
PE-noCO PE-CO
n=14 n=26
Compared with controls; | | £ompared with controls:
Central BP: Aortic stiffness:
> “central diastolic BP Z 'I‘cfPIWV )
Wave reflections: Ktenalage:
> PAIX > 1 9.4 years
> PMGRC Central BP:
Steady arterial load: > 4 central systolic BP )
>€FS\V/: eratioa > 4 central diastolic BP Age
> fcentral PP Matched
Wave reflections: Controls
> TAIx n=40
> PP,
Steady arterial load:
> PSVR
Domains of arterial h dy

- Aortic stiffness: cfPWV

- Central BP: systolic, diastolic, and PP
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Peripheral tonometry and echocardiography

which is similar to the mean age of our participants.?®
Such normative values indicate a cfPWV increase of
0.7m/s per decade in this age group. In our study, the
adjusted mean difference in cfPWV between women
with PE-CO and controls was 0.66 m/s, corresponding
to an additional 9.4years of vascular age for women
with a previous history of preeclampsia who have CO.

J Am Heart Assoc. 2023;12:e031136. DOI: 10.1161/JAHA.123.031136

DISCUSSION

From the EVA study, our results demonstrate that
women with previous PE-CO have worse central BP,
arterial stiffness, and peripheral wave reflections inde-
pendently from confounders, as compared with con-
trols without preeclampsia, with and without CO. With
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Table 1. Description of Participant Characteristics
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Characteristics PE-CO (n=26) PE-noCO (n=14) CTL-CO (n=18) CTL-noCO (n=22) P value
Age, y 36.2+4.6 34.6+4.4 34.6+2.5 36.8+3.3 0.19
Race or ethnicity, n (%) 0.60

White 17 (81) 13 (100) 16 (84) 14 (100)

Black 0(0) 0(0) 1(5) 0(0)

Hispanic 1(5) 0(0) 2(M) 0(0)

Filipino 2(10) 0(0) 0(0) 0(0)

Other 1) 0(0) 0(0) 0(0)
BMI, m¥/kg 32.0 (21.2-59.5)18 24.3 (19.7-40.2)* 26.3 (20.3-35.9)" 23.2 (19.3-35.4)8 0.001
WHR 0.94 (0.86-1.03)*¢ 0.81 (0.72-0.85)** 0.88 (0.86-0.95)* 0.79 (0.70-0.85)% <0.0001
Gravidity, n (range) 2 (1-7) 2 (1-6) 2 (1-4) 2 (1-5) 0.56
Time since last pregnancy, y 1.9 (0.6-4.7) 1.9 (0.5-3.8) 2.0 (0.8-5.7)f 2.5 (1.0-4.1) 0.18
Recurrent preeclampsia, n (%) 6 (23) 3 (21) 0.91
Diabetes, n (%) 3(12)8 0(0) 0(0) 0(0)® 0.07
Gestational diabetes, n (%) 4 (15) 0 (0) 0(0) 0(0) 0.048
Dyslipidemia, n (%) 14) 2 (14) 1(6) 0(0) 0.25
Hypertension, n (%) 7 27)18 1(7) 0 (0)f 0(0) 0.002
Smoking history, n (%) 9 (35) 4 (29) 5(28) 4 (18) 0.64
Diuretics, n (%) 14) 0(0) 0(0) 0(0) 1.00
B-Blockers, n (%) 14) 0(0) 0(0) 0(0) 1.00
Calcium channel blockers, 4 (15) 0(0) 0(0) 0(0) 0.048
n (%)
ACEI, n (%) 2(8) 0(0) 0(0) 0(0) 0.43
Creatinine, mg/dL 0.68 (0.52-0.93) 0.70 (0.53-0.86) 0.68 (0.53-0.89) 0.72 (0.58-0.87) 0.69
Glycated hemoglobin, % 5.35 (4.8-6.2)* 5.15 (4.8-5.5) 5.05 (4.4-5.8) 515 (4.4-5.7) 0.02
Total cholesterol, mg/dL 182 (143-309) 184 (120-228) 172 (131-263) 170 (112-240) 0.23
LDL cholesterol, mg/dL 106 (77-189)% 104 (46-128) 101 (54-174) 87 (43-151)% 0.02
Non-HDL cholesterol, mg/dL 128 (85-263)° 118 (70-155) 114 (62-193) 104 (62-174)% 0.01
HDL cholesterol, mg/dL 54 (32-89)1$ 70 (41-96)* 62 (43-81) 64 (50-103) 0.02
Triglycerides, mg/dL 100 (50-371)*18 62 (35-238)" 72 (41-178)" 73 (33-337)% 0.01

Values are presented as number (proportion), mean+SD, or median (range). ACEI indicates angiotensin-converting enzyme inhibitor; BMI, body mass index;
HDL, high-density lipoprotein; LDL, low-density lipoprotein; and WHR, waist-to-hip ratio.

*P value <0.05 for pairwise comparison between preeclampsia with central obesity (PE-CO) and preeclampsia without central obesity (PE-noCO).

P value <0.05 for pairwise comparison between PE-CO and controls with central obesity (CTL-CO).

*P value <0.05 for pairwise comparison between PE-noCO and CTL-CO.

5P value <0.05 for pairwise comparison between PE-CO and controls without central obesity (CTL-noCO).

early vascular aging being defined as vascular age
greater than chronological age by >5.7 years, women
with PE-CO exhibited a significant degree of early vas-
cular aging, with an average additional 9years of vas-
cular age compared with normative values.®?® They
also exhibited worse arterial compliance than controls
with CO and women with PE-CO, but this association
was not independent of confounders. Further, women
with previous PE-noCO had similar arterial hemody-
namics compared with controls, with the exception of
higher GRC among the former.

The EVA study is the largest to pursue noninvasive
and extensive assessment of arterial hemodynamics
in its multiple domains among women with previous
preeclampsia. In the EVA study, we previously demon-
strated that preeclampsia affected all of these domains

J Am Heart Assoc. 2023;12:e031136. DOI: 10.1161/JAHA.123.031136

in the intermediate postpartum term, with obstetrical
factors such as preeclampsia severity, timing, and
recurrence significantly and negatively affecting ar-
terial health.® The present study’s findings are novel
and further build on our line of work by demonstrating
maternal factors (CO) that contribute to worse arterial
hemodynamic profile among women with a history of
preeclampsia. This is clinically relevant, because these
measures of arterial hemodynamics, including early
vascular aging, have been recognized as independent
predictors of CVD events in large populational cohort
studies.?927-2% \We observed a higher GRC among
PE-noCO women compared with women with PE-CO.
GRC assesses wave reflection intensity and is calcu-
lated by the ratio of P/P.%° This result is thus explained
by the observation of higher P; without a proportional
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Table 2. Measures of Arterial Hemodynamics by Study Group
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Hemodynamic
measurements PE-CO (n=26) PE-noCO (n=14) CTL-CO (n=18) CTL-noCO (n=22) P value
Brachial BP
Systolic BP, mmHg 114 (95-160)18 106 (90-126) 105 (88-118)" 100 (87-122)% 0.0003
Diastolic BP, mmHg 65 (52-103)*18 59.5 (49-80) 55 (44-65) 53 (43-67)% <0.0001
Mean arterial BP, mmHg 86 (73-130)*1¢ 80 (62-95) 73 (61-83) 72 (658-91) <0.0001
Brachial PP, mmHg 51 (32-84) 46 (37-64) 47 (31-71) 46 (31-56) 0.57
Central BP
Central systolic BP, mmHg 116 (89-163)*S 103 (77-117)* 96 (80-111)" 92 (71-114)8 <0.0001
Central diastolic BP, mmHg 65 (52-103)'8 60 (49-80) 55 (44-65) 53 (43-67)% <0.0001
Central PP, mmHg 51 (28-86)° 39 (23-56) 39 (28-64) 39 (24-50)% 0.03
Aortic stiffness
cfPWV, m/s ‘ 6.74 (4.69-8.23)1% ‘ 5.98 (3.96-7.22) ‘ 5.44 (5.00-7.42)t ‘ 5.54 (3.60-7.25)% ‘ 0.003
Steady arterial load
SVR, dynexs/cm® ‘ 1853 (1421-3405)1% ‘ 1938 (1241-2458) ‘ 1620 (1190-2277)* ‘ 1518 (1145-2218)8 ‘ 0.0007
Pulsatile arterial load
Z,, dynexs/m° 197 (91-343)% 166 (96-262) 184 (98-281) 163 (107-255)% 0.08
PAC, x10-%cm*/dyne 8.54 (3.57-19.20)*1% 10.40 (7.45-18.44)* 9.45 (7.19-18.74)" 10.42 (7.34-23.75)% 0.005
TAC, mL/mmHg 1.22 (0.81-2.23)*1% 1.67 (0.76-2.54)* 1.53 (1.05-2.92)f 1.72 (1.07-3.08)% 0.02
P, mmHg 44.3 (24.5-66.2) 32.2 (18.7-45.4)* 37.2 (25.1-64.6) 36.9 (21.5-50.3) 0.06
Peripheral wave reflections
P,, mmHg 13.35 (7-30.2) 12.5 (8.2-17.9) 10.75 (8.6-15.8) 11.05 (7.7-18.6) 0.19
AlX, % 8.5(-18.21028.7)' | 14.3(5-21.3) 115 (-13.3 to 15.3) -1.05 (-13.7 t0 17.5)% 0.0002
Global reflection coefficient 0. 32 (0.17-0.46)* 0.38 (0.32-0.46)" 0.30 (0.23-0.37) 0.34 (0.20- 0.48) 0.003

Alx indicates augmentation index; BP, blood pressure; cfPWV, carotid-femoral pulse wave velocity; PAC, proximal aortic compliance; P, reflected pressure
wave amplitude; P;, forward pressure wave amplitude; PP, pulse pressure; SVR, systemic vascular resistance; TAC, total arterial compliance; and Z,, aortic

characteristic impedance.

*P value<0.05 for pairwise comparison between preeclampsia with central obesity (PE-CO) and preeclampsia without central obesity (PE-noCO).

P value<0.05 for pairwise comparison between PE-CO and controls with central obesity (CTL-CO).

P value<0.05 for pairwise comparison between PE-noCO and CTL-CO.
5P value<0.05 for pairwise comparison between PE-CO and controls without central obesity (CTL-noCO).

Table 3. Summary of Progressively Adjusted Multivariable Linear Regression Models of the Association of Previous PE-CO

With cfPWV

Study Model 1* aMD [95% Model 2t aMD [95% CI] Model 3* aMD [95% Model 45 aMD [95% Model 5! aMD [95%

group Cl] (m/s) P value (m/s) P value Cl] (m/s) P value Cl] (m/s) P value Cl] (m/s) P value

CTL-noCO | O (reference) 0 (reference) 0 (reference) 0 (reference) 0 (reference)

CTL-CO 0.13 [-0.43 to 0.68] -0.02 [-0.78 to 0.74] 0.09 [-0.45 to0 0.63] 0.09 [-0.68 to 0.86] 0.16 [-0.57 t0 0.90]
P=0.65 P=0.96 P=0.75 P=0.82 P=0.66

PE-noCO 0.40 [-0.18 to 0.99] 0.66 [-0.07 to 1.38] 0.29 [-0.28 t0 0.87] 0.59 [-0.14 to 1.31] 0.56 [-0.15to0 1.27]
P=0.17 P=0.08 P=0.31 P=0.11 P=0.12

PE-CO 0.92 [0.43-1.41] 115 [0.52-1.78] 0.74 [0.22-1.27] 0.99 [0.32-1.66] 0.91 [0.26-1.56]
P=0.0003 P=0.0006 P=0.006 P=0.005 P=0.007

R? 0.218 0.277 0.273 0.308 0.362

AIC 205.24 164.74 205.16 167.31 160.57

AIC indicates Akaike information criterion; aMD, adjusted mean difference; CTL-CO, controls with central obesity; CTL-noCO, controls without central
obesity; cfPWV, carotid-femoral pulse wave velocity; PE-CO, preeclampsia with central obesity; and PE-noCO, preeclampsia without central obesity.

*Model 1: adjusted for age.

Model 2: adjusted for age, gravidity, and time since last pregnancy.

*Model 3: adjusted for age, hypertension, diabetes, serum creatinine, and smoking history.
SModel 4: adjusted for age, hypertension, serum creatinine, smoking history, gravidity, and time since last pregnancy.
IModel 5: adjusted for age, time since last pregnancy, hypertension, serum creatinine, smoking history, and heart rate.
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Table 4. Multivariable Linear Regression Analysis of the Association of Previous PE-CO With Measures of Arterial

Hemodynamics

Controls as reference

PE-noCO group as reference

aMD [95% CI] PE-CO vs controls

Hemodynamic measures P value

aMD [95% CI] PE-noCO vs
controls P value

aMD [95%CI] PE-CO vs PE-
noCO P value

Brachial BP

Systolic BP, mmHg 11 [6-19] P=0.001

6[-2 to 14] P=0.14 6 [-3 to 15] P=0.20

Diastolic BP, mmHg 11 [6-15] P<0.0001

7 [1-12] P=0.02 4[-2t0 10] P=0.18

Mean arterial BP, mmHg 13 [7-18] P<0.0001

6 [0-12] P=0.048 6 [0-13] P=0.07

Brachial PP, mmHg 1[-4to 7] P=0.67

—1[-7 to 6] P=0.87 2[-6 to 9] P=0.64

Central BP

Central systolic BP, mmHg 17 [9-25] P<0.0001

5[-4 to 14] P=0.26 12 [2-22] P=0.02

Central diastolic BP, mmHg 11 [6-15] P<0.0001

7 [1-12] P=0.02 4[-2t0 10] P=0.18

Central PP, mmHg 6 [1-12] P=0.03

~1[-8 to 6] P=0.69 8 [0-16] P=0.045

Aortic stiffness

cfPWV, m/s 0.66 [0.22-1.09] P=0.004

0.31[-0.20 to 0.81] P=0.23 \ 0.35 [-0.21 10 0.91] P=0.21

Steady arterial load

SVR, dynexs/cm®

321 [150-492] P=0.0004

244 [44-443] P=0.02 ‘ 78 [-143 to 299] P=0.48

Pulsatile arterial load

Z,, dynexs/mS 11.16 [-15.51 to 37.83] P=0.41

-17.01 [-48.13 to 14.11] P=0.28 28.17 [-6.27 10 62.61] P=0.11

PAC, x107% cm*/dyne -1.48 [-38.40 t0 0.43] P=0.13

0.41 [-1.81 to 2.64] P=0.71 -1.90 [-4.35 t0 0.56] P=0.13

TAC, mL/mmHg -0.18 [-0.43 to 0.06] P=0.14

~0.01 [-0.29 to 0.28] P=0.96 ~0.17 [-0.49 to 0.14] P=0.28

P, mmHg 216 [-2.99 to 7.30] P=0.41

—-4.65 [-10.65 to 1.35] P=0.13 6.81[0.17-13.45] P=0.045

Peripheral wave reflections

P,. mmHg 1.96 [0.15-3.78] P=0.03

0.65 [-1.46 to 2.76] P=0.54 1.32 [-1.02 to 3.66] P=0.27

Alx, % 5.34[0.91-9.77] P=0.02

10.46 [5.29-15.63] P=0.0001 -5.12 [-10.84 to 0.60] P=0.08

Global reflection coefficient 0.02 [0.00-0.05] P=0.09

0.06 [0.03-0.09] P=0.0004 -0.03 [0.00-0.07] P=0.046

Models adjusted for age, time since last pregnancy, hypertension, serum creatinine, smoking history, and heart rate. Alx indicates augmentation index;
aMD, adjusted mean difference; BP, blood pressure; cfPWV, carotid-femoral pulse wave velocity; PAC, proximal aortic compliance; P,, reflected pressure
wave amplitude; PE-CO, preeclampsia with central obesity; PE-noCO, preeclampsia without central obesity; P;, forward pressure wave amplitude; PP, pulse
pressure; SVR, systemic vascular resistance; TAC, total arterial compliance; and Z,, aortic characteristic impedance.

increase in the amplitude of the reflected waves in the
PE-CO group.

To our knowledge, this is the first study to evalu-
ate the combined effect of CO and preeclampsia on
arterial hemodynamics. The prevalence of obesity is
increasing and becoming one of the most frequent risk
factors for adverse pregnancy outcomes, surpassing
the reported prevalence of chronic hypertension.3'%?
The adverse cardiovascular health consequences of
obesity are mediated in part by the presence of dys-
functional adipocytes in visceral adipose tissue.®?
These are responsible for insulin resistance, activation
of the renin-angiotensin-aldosterone and neurohor-
monal systems, increased oxidative stress, endothelial
dysfunction, and increased production of inflammatory
cytokines. Similar mechanisms are thought to explain
the higher risk of hypertensive disorders of pregnancy
in women with obesity and the observed alterations
of arterial health in the general population affected by
obesity.3* Moreover, the impact of preeclampsia on
accelerated vascular aging is thought to be related to
similar pathophysiological pathways, such as oxidative

stress, inflammation, and endothelial dysfunction.3®
For example, increased serum levels of reactive oxy-
gen species have been described both in women with
previous preeclampsia and individuals with CO.36:%7
Yet, it is unclear whether the combination of these 2
key clinical factors leads to further worsening in oxida-
tive stress and vascular aging.

Measures of central adiposity, such as WHR, better
quantify the proportion of visceral adipose tissue than
do noncentral adiposity measures such as body mass
index."*® The role and optimal measures of abdom-
inal obesity preconception remain undetermined.®®
As opposed to waist circumference, the WHR has the
advantage of indexing abdominal size to overall body
size, and it has been suggested to better predict car-
diovascular events in the general population.®® In a
systematic review by Heslehurst et al, the WHR was
predictive of gestational diabetes, hypertensive disor-
ders of pregnancy, and delivery-related outcomes.®®
Our results show that the WHR, a quick and nonin-
vasive estimate of visceral adiposity, can also identify
postpartum women with worse arterial health profiles,
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Figure 2. Comparison of arterial hemodynamics.

Scatterplot graphs of individual measures and floating boxes depicting distribution and mean value for each parameter of arterial
hemodynamics in all 3 study groups. *P value <0.05 for adjusted pairwise comparison. Alx indicates augmentation index; cfPWYV,
carotid-femoral pulse wave velocity; DBP, diastolic blood pressure; GRC, global reflection coefficient; PAC, proximal aortic compliance;
P,, reflected pressure wave amplitude; PE-CO, preeclampsia with central obesity; PE-noCO, preeclampsia without central obesity;
P;, forward wave amplitude; PP, pulse pressure; SBP, systolic blood pressure; TAC, total arterial compliance; SVR, systemic vascular

resistance; and Z_, aortic characteristic impedance.

who would thus potentially be at higher risk of future
cardiovascular events.

While a previous history of preeclampsia cannot be
modified in a woman’s life course, several strategies
can be undertaken to improve cardiometabolic health
and prognosis in individuals with CO, representing
both a risk factor and a therapeutic target. In addition,
some of these weight-management strategies have
been shown to improve measures of arterial health.
For example, Nordstrand et al showed a mean decline
in cfPWV of 0.6 m/s (95% ClI, 0.4—0.8 m/s) following a
combined intensive lifestyle intervention of a 1000-kcal/
day caloric restriction and supervised moderate to high
intensity exercise training.*! Similarly, in a meta-analysis
of 1659 individuals (20 studies), an average 8% weight
loss was associated with a reduction in pulse wave
velocity of 0.32m/s (95% ClI, 0.24-0.41m/s; [P=26%).
Ten of these studies had used an energy restriction
diet while 8 studies combined calorie restrictive diet
and exercise, without significant effect modification

J Am Heart Assoc. 2023;12:e031136. DOI: 10.1161/JAHA.123.031136

according to the intervention strategy.*> Another study
showed a decline in central BP after high-intensity
resistance training for a duration of 12weeks among
young sedentary obese or overweight men.*3 These
interventional strategies could be considered for eval-
uation and implementation of primary prevention pro-
grams targeting postpartum women affected by a
preeclamptic pregnancy.

Strengths and Limitations

The main strength of our study is the extensive as-
sessment of arterial hemodynamics in women with
and without previous preeclampsia, allowing us to
compare several domains of arterial health between
groups. However, this study is not without limitations.
The EVA study had a cross-sectional design, and infer-
ences regarding causality and temporality of the asso-
ciations we found cannot be made. Other obstetrical
factors linked with cardiovascular risk, preeclampsia
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and obesity, such as preterm birth and intrauterine
growth restriction, could not be addressed in this
analysis and deserve further attention to evaluate the
specific contribution of each factor to arterial health.
In addition, even though the EVA study is the largest
investigation with extensive evaluation of arterial hemo-
dynamics post preeclampsia, the sample size was rel-
atively small and the results of these analyses should
be interpreted as hypothesis-generating. Different
hemodynamic domains appeared numerically worse
in women with PE-CO and those with PE-noCO when
compared with controls, but fewer domains were sig-
nificantly different between the two groups with previ-
ous preeclampsia after model adjustment, which may
be due to statistical power. Similarly, our sample size
was not powered to perform statistical interaction test-
ing between WHR and previous preeclampsia, which
remains amenable to future studies with larger sample
sizes. Last, invasive hemodynamic assessment would
be considered the gold standard. However, it is fraught
with potential risks. On the other hand, our noninvasive
methods have been validated against catheter-based
hemodynamic measurements and found to be ac-
curate and reproducible, increasing potential clinical
applicability.*4

CONCLUSIONS

Women with a previous history of preeclampsia who
present with CO 6 months to 6years postpartum ex-
hibit worse arterial health profiles as compared with
age-matched controls without preeclampsia, with and
without CO. Those with preeclampsia but without CO
demonstrated substantially less hemodynamic altera-
tions as compared with controls, limited to measures
of wave reflection. Because arterial hemodynamic pa-
rameters have been shown to independently predict
future cardiovascular events, our findings suggest that
previously preeclamptic women who have CO may
represent preferred candidates for targeted cardiovas-
cular risk assessment and preventative measures.
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